Fusobacterium nucleatum is a gram-negative anaerobe ubiquitous to the oral cavity and associated with various common human infections incurring high medical costs and risks to patients, including infections causing periodontal disease and preterm birth (16) . Studies of this opportunistic human pathogen have been hindered by a lack of effective genetic tools. Genetic manipulation of F. nucleatum has been difficult, presumably due in part to its diversified restriction endonuclease systems, which differ between strains and cleave DNA irrespective of the extent of methylation (11) . Although mobile genetic elements were identified in F. nucleatum nearly a decade ago (13) , and several shuttle plasmids have been constructed and delivered into two strains, F. nucleatum ATCC 10953 and ATCC 23726, by electroporation (5, 10) , no genetic work had been successful in F. nucleatum 12230, a working strain in our laboratory known to be refractory to such manipulations. Recently, a novel FadA adhesin that encodes a small open reading frame of 387 bp was identified in F. nucleatum 12230. The small open reading frame rendered construction of the allelic exchange mutant difficult. Unsuccessful with electroporation and conjugation, we established a sonoporation technique and constructed US1 (⌬fadA::ermF-ermAM), the first allelic exchange mutant in F. nucleatum 12230, using ultrasound (US) application at a 1-MHz center frequency (7) .
US is a mechanical wave energy generated in a medium as oscillating pressure in space and time at frequencies above 20 kHz, beyond the audible range. US exposure generates bioeffects resulting in tissue heating, shear stress, and cavitation, which have been exploited for therapeutic applications. Particularly, cavitation, the formation and rapid collapsing of gas bubbles in the host media, has been utilized for intracellular delivery of drugs and genes. Cavitation can cause drastic local physical and chemical changes, including microstreaming, high-speed microjetting, extremely high localized temperature and pressure inside bubbles, and generation of free radicals (H ϩ , OH Ϫ , O 2 Ϫ ) (14, 23) . If a cell is in the vicinity during these changes, the cell membrane may be damaged or disrupted locally, allowing entry of extracellular agents into the cytoplasm. This process is termed sonoporation, in recognition of its similarity to electroporation. Like electroporation, sonoporation can be classified into two categories based on its outcome: (i) reparable, or reversible, sonoporation, during which the induction of temporary pores on the cell membrane is followed by pore resealing, leading to cell survival (2) , and (ii) lethal, or irreversible, sonoporation, where the cell membrane is irreversibly damaged or the cell is lysed, leading to cell death (23) . Reparable sonoporation is an emerging technology for intracellular delivery of drugs, genes, and other agents for diagnostic and/or therapeutic purposes (14) and has been increasingly used in mammalian cells and in vivo (8, 15, 17, 21, 22) . To the best of our knowledge, the use of sonoporation to construct US1 was the first application of this technology to bacteria (7) . Most interestingly, all transformants obtained by sonoporation were double-crossover allelic-exchange mutants, despite the fact that an intact suicide plasmid was used. Although double-crossover allelic exchange using intact suicide plasmid has been observed in gram-positive species, such as Streptococcus spp., such events had not been reported for gram-negative bacteria before (3, 19) . Using the same suicide plasmid in numerous trials, we eventually obtained one colony each from electroporation and conjugation. Both constructs appeared to be single crossovers (unpublished results). Therefore, the one-step construction of double crossovers was not caused by the plasmid or F. nucleatum; rather, it is likely a unique feature of sonoporation. If this is true, sonoporation has the potential to become a powerful genetic tool for streamlining mutant construction in bacteria.
In this study, the mechanism of sonoporation in F. nucleatum 12230 was investigated. The effects on intracellular delivery outcome by different sonoporation parameters were tested using fluorescent dextran. A double-crossover recA mutant was constructed via sonoporation to assess the involvement of homologous recombination in the process. As this mutant exhibited increased sensitivities to both UV and sonoporation treatment, RecA is likely involved in reparable sonoporation in F. nucleatum. Thus, gene transfection by sonoporation in bacteria employs a mechanism different from that in eukaryotic cells, as RecA is unique to bacteria.
MATERIALS AND METHODS
Bacterial strains and plasmids. F. nucleatum strains 12230 and US1610 (F. nucleatum 12230 recA::ermF-ermAM) were maintained as described previously (6) . Escherichia coli TOP10, used as a host strain for plasmid construction, was grown at 37°C in LB broth (Fisher Scientific). Plasmids pYH1377 and pYH1380 were constructed as follows. The recA gene of F. nucleatum 12230 was amplified by the oligonucleotide primers FN0546F (5Ј-GTTTACATGGGGATAAAGTT TGTCC-3Ј) and FN0548R (5Ј-CATCTTTAACTATATCTGCAAAACC-3Ј) on the basis of the genome database of F. nucleatum ATCC 25586 from The Institute for Genomic Research (TIGR; http://www.tigr.org). The 1.4-kb PCR product was treated with Exo/SAP-IT (USB Co., Cleveland, OH) and was sequenced at the Molecular Biotechnology Core (Lerner Research Institute, Cleveland, OH). A portion of the recA gene (772 bp) was amplified from F. nucleatum 12330 by the oligonucleotide primers recAF (5Ј-GTGAAAAAAATG GCAGCAAAG-3Ј) and recAR (5Ј-CTTCCTATTGGATCATCACC-3Ј). The amplified fragment was cloned into the pCR2.1 vector (Invitrogen, Carlsbad, CA). The resulting plasmid, pYH1377, was digested with HincII within the cloned fragment, and a 2.4-kb PvuII ermF-ermAM cassette from pVA2198 (4) was inserted into this site to generate pYH1380.
Delivery of fluorescent dextran into F. nucleatum. Log-phase F. nucleatum 12230 was harvested, washed, and resuspended in phosphate-buffered saline (PBS) supplemented with 0.1 mM CaCl 2 and 0.1 mM MgCl 2 . The bacterial suspension, with approximately 1 ϫ 10 9 CFU, was mixed with 2.5 mg/ml Texas Red-conjugated dextran (70 kDa; Invitrogen) and the contrast agent Definity (Bristol-Myers Squibb, North Billerica, MA) in an eight-well, flat-bottom immunomodule (catalog number 468667; Nalge Nunc International, Rochester, NY). Definity is an FDA-approved, commercially available US contrast agent which consists of octafluoropropane gas bubbles that are encapsulated in lipid and dispersed in solution. The mixture was subjected to US treatment as described previously (7), transferred to microcentrifuge tubes, washed four times, each followed by centrifugation at 14,000 rpm (18,000 ϫ g), and resuspended in 500 l PBS. The bacterial cells were then examined under a fluorescence microscope. The viable counts were determined by plating serial dilutions on blood agar plates. For electroporation, the same amounts of dextran and F. nucleatum were used under the following conditions: 20 kV/cm, 25 F, and 200 ⍀, which are optimal for fusobacteria (5) .
Construction of a recA mutant in F. nucleatum. Log-phase F. nucleatum 12230 cultures were washed and resuspended in PBS supplemented with 0.1 mM CaCl 2 and 0.1 mM MgCl 2 . Bacterial suspension was mixed with 50 g plasmid pYH1380 and 50 l Definity in the Nunc eight-well immunomodule as described above. The mixture was subjected to 1-MHz US treatment under 0.5 MPa for 90 seconds, with a duty cycle of 50% (7). The bacterial suspension was then plated onto Columbia blood agar plates and incubated for 24 h at 37°C under anaerobic conditions before being replicated using velvet-covered blocks onto Columbia blood agar plates containing 0.4 mg/ml clindamycin. The plates were incubated for three additional days at 37°C under anaerobic conditions. The clindamycinresistant colonies were isolated, purified, and inoculated in Columbia broth containing 0.4 mg/ml clindamycin. The mutants were verified by PCR using the primers recAF and recA2R (5Ј-ATAAGTCTAGCTTGTAATCCC-3Ј).
UV and sonoporation sensitivity test. UV sensitivity was determined using a method modified from Liu et al. (10a) . F. nucleatum strains were harvested and resuspended in Columbia broth to a density of 5 ϫ 10 8 CFU/ml. Aliquots (10 l) of serial dilutions were spread on Columbia blood agar plates. The plates were exposed to UV light (254 nm) in a CL-1000 UV cross-linker (UVP, Upland, CA) for the indicated periods of time, followed by anaerobic incubation at 37°C for 3 days. For the sonoporation sensitivity test, F. nucleatum strains were harvested and resuspended in PBS supplemented with 0.1 mM CaCl 2 and 0.1 mM MgCl 2 to a density of 1 ϫ 10 10 CFU/ml. Bacterial suspension was mixed with 50 l Definity in the Nunc eight-well immunomodule and subjected to sonoporation treatment as described above. The viable counts were determined by plating serial dilutions onto the blood agar plates. Bacterial survival rate was expressed as the percent ratio of CFU after treatment to CFU before treatment. Each experiment was performed in triplicate and repeated three times.
Statistical analysis. Student's t test was employed to compare the bacterial survival rates following different treatments. Differences with P values of Ͻ0.05 were considered significant.
RESULTS
Sonoporation is more efficient than electroporation for delivering fluorescent dextran into F. nucleatum 12230. To compare the efficiencies of intracellular molecular delivery for sonoporation and electroporation, the same amounts of Texas Red-conjugated dextran (70 kDa) were used for delivery into the same numbers of CFU of F. nucleatum 12230. Fluorescence microscopy was used to assess delivery efficiency. Sonoporation was carried out under the conditions previously used to construct the US1 mutant: 0.5-MPa peak positive acoustic pressure, 1-Hz pulse repetition frequency (PRF), 50% duty cycle, and 90 seconds of US exposure duration with a custommade 1-MHz circular, flat-piston transducer (unfocused) in the presence of 33% (vol/vol) Definity. For controls, sonoporation in the absence of Definity or no sonoporation in the presence of Definity was included. For electroporation, the following conditions were used: 20 kV/cm, 25 F, and 200 ⍀. These were the optimal conditions tested for fusobacteria in different laboratories (5; unpublished results). Efficiency of delivery was expressed as the percentage of fluorescent bacteria compared to the total bacteria enumerated in the same view. For each sample, at least five randomly selected fields were examined, and the average percentage of fluorescent cells was obtained. The survival rate of F. nucleatum following treatment was determined by plating serial dilutions of the bacterial suspensions on blood agar plates.
A low level of spontaneous uptake was observed (Fig. 1a) , with the background level of fluorescence at approximately 0.4% (Fig. 1b) . Delivery of fluorescent dextran into F. nucleatum by sonoporation was more efficient than that by electroporation (Fig. 1a) . Specifically, delivery by sonoporation in the presence of Definity was at least twice as efficient as that by (Fig. 1b) . Sonoporation without Definity resulted in a delivery rate of 2%, suggesting that Definity was required for efficient delivery at the parameters used. Sonoporation under the tested conditions had very little bactericidal effect compared to electroporation, by which Ͼ80% of bacteria were killed (Fig. 1b) . The efficiency of fluorescent dextran delivery is affected by multiple parameters of sonoporation. To examine the effects of different parameters on sonoporation in F. nucleatum, the rates of fluorescent dextran delivery were compared by varying the value for one parameter while keeping the others constant (Fig. 2) . The parameters tested include US pressure amplitude (Fig. 2a) , PRF and duty cycle (Fig. 2b) , sonoporation duration (Fig. 2c) , and quantity of Definity (Fig. 2d) . The invariable parameters were set to the same values as those used for Fig.  1 . The only exception was the duty cycle value used for Fig. 2a , which was reduced to 5% to allow the testing of amplitudes reaching above 0.9 MPa. Each variable parameter was tested to the maximum allowed by the system. Under our testing conditions, the delivery efficiencies increased with amplitude (Fig. 2a) , duty cycle (Fig. 2b) , duration of sonoporation (Fig.  2c) , and quantity of Definity (Fig. 2d) . However, PRF showed no effect (Fig. 2b) . The maximum delivery rates obtained for Fig. 2a, b , and d were all between 10 and 15%, and those for Fig. 2c were Ͼ20% when the sonoporation duration was increased to 450 s (Fig. 2c) . The percentages of viable bacteria following sonoporation were determined; none was significantly different from that for the untreated sample (data not shown). Therefore, sonoporation was nonbactericidal under the testing conditions. (Fig. 3) . The amino acid sequence showed high homologies to the other fusobacterial RecA sequences, with 96% identity to that from F. nucleatum ATCC 49256 and 95% identity to that from F. nucleatum ATCC 25586 (data not shown). Analysis of the amino acid sequences of RecA from F. nucleatum 12230 revealed that it contained 116 out of the 127 RecA consensus residues, with most of the 11 variant residues carrying conserved changes ( Fig. 3) (12) . The ATP-binding site, i.e., the phosphate-binding loop (P loop), is also conserved in RecA from F. nucleatum 12230 (20) . RecA in F. nucleatum 12230 was involved in reparable sonoporation. To assess the involvement of RecA in sonoporation, a recA mutant in F. nucleatum 12230 was constructed. First, a 772-bp N-terminal fragment of the recA gene was cloned into vector pCR2.1, followed by insertion of a 2.4-kb ermF-ermAM cassette into the HincII site of the cloned fragment, generating pYH1380 (Fig. 4a) . The recA mutant US1610 was constructed by delivering pYH1380 into F. nucleatum 12230 via sonoporation as previously described (7). Clindamycin-resistant clones were isolated at a rate of approximately 0.05 transformants/g DNA, similar to that for the fadA mutant (7) . PCR analysis showed that the ermF-ermAM cassette was inserted into the recA gene on the chromosome by double crossovers (Fig. 4b) , also similar to what occurs in the construction of the fadA mutant (7). The integrity of pYH1380 was not affected by sonoporation under the testing conditions (Fig. 4c) . Therefore, the double-crossover allelic exchange was unlikely due to linearization of the plasmid by sonoporation.
US1610 grew slower than its parental strain both on the blood agar plate and in broth (data not shown), as observed for recA mutants of other bacteria (12) . As expected, US1610 was significantly more susceptible to UV light (254-nm) irradiation (Fig. 5a ), confirming that RecA in F. nucleatum 12230 serves a function similar to that which it serves in other microorganisms. Interestingly, US1610 was also more susceptible to US exposure under the sonoporation conditions tested (Fig. 5b) (P Ͻ 0.01), indicating that sonoporation was bactericidal in the absence of RecA. Thus, RecA played a pivotal role in reparable sonoporation, or survival following US treatment, in F. nucleatum.
DISCUSSION
Construction of allelic-exchange mutants is essential to understanding the gene functions. Studies of many organisms have been hindered by a lack of effective genetic tools. F. nucleatum is one such example. Conventional approaches, i.e., electroporation, conjugation, and transduction, were unsuccessful in generating desired mutants in most F. nucleatum strains, although single-crossover allelic exchange was recently achieved by electroporation in F. nucleatum ATCC 23726 (9) and by electroporation and conjugation in F. nucleatum 12230, each as an isolated incidence in our laboratory (unpublished results).
F. nucleatum 12230 has been refractory to genetic manipulation. No shuttle plasmid has been delivered into this strain, and no gene disruption mutant was generated until the recent construction of US1 by sonoporation. An emerging technology for intracellular molecular delivery, sonoporation was limited to higher eukaryotic cells until recently. Our results demonstrate that, for bacteria with unique features, sonoporation is a versatile delivery and gene transfection tool compared to conventional techniques, such as electroporation. Electroporation transiently reverses membrane potential and impairs cell membrane integrity by forming pores; thus, it mostly delivers negatively charged material, such as DNA. Sonoporation, on the other hand, may have wider applications because it permeabilizes the cell membrane via cavitation, which may be capable of generating larger reversible pores on the membrane, and delivers both charged and noncharged molecules. Furthermore, sonoporation appears to be a "milder" treatment, as most of the bacteria remained alive following treatment, in contrast to electroporation. The high survival rate could increase the efficiency of functional delivery. Delivery of fluorescent dextran allowed direct quantification of the sonoporation effects (14, 24) . Compared to DNA, fluorescent dextran eliminates the complexity associated with nuclease degradation, thus allowing the measurement of delivery only. For the purpose of comparison between sonoporation and electroporation, noncharged fluorescent dextran was chosen for this study because the use of charged fluorescent dextran caused an arc during electroporation (data not shown). It would be interesting to test negatively charged fluorescent dextran, a closer mimic of DNA, in future sonoporation studies.
It has been shown that cavitation is involved in sonoporation and that sonoporation in eukaryotic cells is directly related to bubble-to-cell ratio (23) . Although the acoustic pressure threshold of cavitation is not fully understood, several parameters, including the abundance of cavitation nuclei in the exposed medium, affect the process. Microbubble US contrast agents were originally developed and used for US imaging of blood flow, as these micrometer-sized bubbles scatter (interact with) US effectively when injected into the bloodstream, leading to much-improved US imaging capability (1). These gas bubbles enhance sonoporation, most likely by acting as cavita- tion nuclei and decreasing the cavitation threshold. Definity, a commercially available contrast agent consisting of lipid-covered microspheres filled with octafluoropropane, was used in this study. The recA mutant was obtained at a frequency of 0.05 transformants/g DNA, similar to that for the fadA deletion mutant, which was generated using Optison (perflutren protein type A microspheres for injection; USP, Amersham, Princeton, NJ), consisting of albumin-covered microspheres filled with octafluoropropane. Two contrast agents, differing in bubble size, chemical component content, and stock concentration, allowed for production of different mutants at similar frequencies. This confirms that the contrast agent bubbles served as cavitation nuclei and facilitated sonoporation physically. It is likely that delivery efficiency reached a plateau under the sonoporation conditions used in this study for mutant construction.
Besides bubble-to-cell ratio, other factors affecting sonoporation in eukaryotic cells include acoustic pressure amplitude, duty cycle, PRF, and exposure time (2, 14, 18, 24) . Among these, increases of acoustic pressure amplitude, duty cycle, and exposure time had similar effects on sonoporation in F. nucleatum. Sonoporation efficiency improved with increased values for acoustic pressure amplitude, duty cycle, and exposure time, which were all tested to the maximum capacities allowed by the transducer used. A new transducer allowing further enhancement of these parameters is currently under testing. Under our testing conditions, PRF had no effect on bacterial sonoporation. One striking resemblance and notable feature shared by the construction of US1 and US1610 by sonoporation was that both were obtained through one-step double-crossover allelic exchanges. One-step double crossovers are highly unlikely events under conventional conditions, such as electroporation and conjugation. However, as has been observed consistently in two different mutants, the one-step double crossover was most likely a unique feature of gene transfection by sonoporation in bacteria, differing from that in eukaryotic cells, which normally leads to random insertion of the plasmid. It also differs from electroporation in bacteria, which generates single crossovers, resulting in insertion of the entire plasmid. To obtain double crossovers using intact plasmids would normally involve a second step for selection for the loss of the integrated plasmid. If the suicide plasmid contains an internal fragment of the targeted gene, integration of the plasmid into the chromosome generates an insertional mutation. This mutation is unstable, as the plasmid may "loop" out of the chromosome, leading to loss of the mutation. To achieve one-step doublecrossover mutation by electroporation, the plasmid needs to be linearized, which renders the electroporation inefficient. The unique features of one-step double crossovers obtained using intact plasmids signify sonoporation as a potentially powerful genetic tool for streamlining mutant construction.
The increased double-crossover frequencies in the absence of linearization of the suicide plasmids led to the speculation that sonoporation might have activated the recombination machinery. Therefore, the recA mutant US1610 was constructed to ascertain its involvement. The mutant was susceptible to UV exposure compared to its wild-type parental strain, indicating that the RecA function was conserved in F. nucleatum. Interestingly, US1610 was also more susceptible to US exposure, suggesting that RecA was involved in helping the cells recover from the damages caused by sonoporation. Sonoporation may activate the stress response genes, including RecA, thus increasing the frequency of double-crossover homologous recombination. Although no structural damage was observed for the suicide plasmids, it may be possible that nicking of the much longer bacterial chromosomal DNA occurred during sonoporation.
In summary, gene transfection by sonoporation in bacteria differs from that in eukaryotic cells, leading to targeted gene disruption. This technology also differs from electroporation in several aspects: (i) it is more efficient for intracellular delivery, (ii) it is nonbactericidal under tested conditions, and (iii) it leads to one-step double-crossover allelic exchanges. RecA was identified to be involved in reparable sonoporation, which may stimulate the SOS response, thus enhancing the homologous recombination activities inside the cells and leading to doublecrossover allelic exchanges. Sonoporation implies tremendous potential for streamlining mutant construction in bacteria.
